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Abstract. We have constructed a fluorescent a-satellite 
DNA-binding protein to explore the motile and me- 
chanical properties of human centromeres. A fusion 
protein consisting of human CENP-B coupled to the 
green fluorescent protein (GFP) of A. victoria specifi- 
cally targets to centromeres when expressed in human 
cells. Morphometric analysis revealed that the a-satel- 
lite DNA domain bound by CENPB-GFP becomes 
elongated in mitosis in a microtubule-dependent fash- 
ion. Time lapse confocal microscopy in live mitotic cells 
revealed apparent elastic deformations of the central 
domain of the centromere that occurred during 
metaphase chromosome oscillations. These observa- 
tions demonstrate that the interior region of the cen- 
tromere behaves as an elastic element that could play a 
role in the mechanoregulatory mechanisms recently 
identified at centromeres. Fluorescent labeling of cen- 
tromeres revealed that they disperse throughout the 
nucleus in a nearly isometric expansion during chromo- 
some decondensation in telophase and early G1. Dur- 
ing interphase, centromeres were primarily stationary, 
although motility of individual or small groups of cen- 
tromeres was occasionally observed at very slow rates 
of 7-10 Ixm/h. 
C 
ENT~OME~ES  are  the  specialized  genomic  loci, 
present once on each chromosome, that encode 
the segregation function of the genome in mitosis 
and meiosis (Clarke and Carbon, 1980; Pluta et al., 1995). 
They accomplish this by directing the assembly of a  dy- 
namic mechanochemical complex consisting of the kineto- 
chores formed at the surface of each sister chromatid and 
the  central  pairing  domain in  the  chromosome interior 
(Earnshaw and Rattner, 1989). The kinetochores are the 
primary site of interaction of spindle microtubules with 
the chromosomes and possess microtubule binding, assem- 
bly modulating, and  microtubule-dependent motor  pro- 
tein activities (Mitchison and Kirschner, 1985; Hyman and 
Mitchison, 1990, 1991; Lombillo et al., 1995). The central 
pairing domain links the replicated centromere into a sin- 
gle mechanical unit and contains a protease-sensitive link- 
age that is specifically cleaved to initiate anaphase chro- 
mosome  segregation  (Holloway et  al.,  1993; Stratmann 
and Lehner, 1996). These functions are integrated with the 
chromosome axis through a specialized form of chromatin, 
which in animal cells comprises the extensive satellite het- 
erochromatin domain, spanning 400-5,000 kb of contigu- 
ous  DNA  along  the  chromosome  fiber  (Willard,  1991; 
Tyler-Smith and Willard, 1993). 
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The  bipolar  attachment of chromosomes to  microtu- 
bules in the mitotic spindle results in net poleward forces 
that create tension across the centromeres, borne across 
this specialized centromeric chromatin (Roos, 1973; Nick- 
las, 1988).  Evidence that mechanical tension across cen- 
tromeres  can  modulate  functions  of  the  spindle  has 
mounted steadily in recent years. Using elegant needle mi- 
cromanipulation techniques to direct mechanical forces on 
chromosomes, Nicklas  and  colleagues first  showed  that 
tension is required for stable microtubule attachment to 
kinetochores (Ault and Nicklas, 1989; Nicklas and Ward, 
1994). A role for tension in regulating force production by 
kinetochores was proposed by Skibbens and Salmon (1993, 
1995) and their colleagues based upon video-enhanced DIC 
microscopy of chromosomes in mitotic newt lung epithe- 
lial cells (Skibbens et al., 1993, 1995). Finally, a key mecha- 
nism of mitosis, the one that ensures that all the chromo- 
somes are properly engaged on the spindle before anaphase, 
has  recently been  proposed  to  involve  a  novel  mecha- 
nosensory activity of the  centromere  (Mclntosh,  1991). 
The first direct evidence that animal cells delay anaphase 
until all chromosomes have achieved bipolar attachment 
was  provided  by Rieder  and  colleagues,  who proposed 
that anaphase onset is regulated by a negative signal gen- 
erated by unattached kinetochores (Rieder et  al.,  1994, 
1995).  This mechanism has been directly linked to chro- 
mosome tension through chromosome micromanipulation 
experiments in insect spermatocytes arrested in metaphase 
I by improper assembly of a sex trivalent (Li and Nicklas, 
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monopolar oriented chromosome to simulate bipolar spin- 
dle  attachment, revealing a  mechanical link  to the  ana- 
phase checkpoint. 
Taken together, these results establish  a  model of the 
centromere  as  a  molecular  tensiometer  that  functions, 
quite literally, at the center of the mitotic mechanism to 
convert mechanical stress into biological signals.  An im- 
portant  correlation  between  mechanical  force  and  the 
chemistry of the centromere has been identified through 
analysis  of  a  kinetochore-associated  phosphoprotein(s) 
recognized by a  monoclonal antibody, 3F3 (Cyert et al., 
1988; Gorbsky and Ricketts, 1993). 3F3 antigen(s) become 
phosphorylated in prophase and is progressively dephos- 
phorylated after chromosome attachment and movement 
to the metaphase plate (Gorbsky and Ricketts, 1993).  By 
combining  micromanipulation  of  insect  spermatocyte 
chromosomes with 3F3 immunostaining, it has been shown 
that tension exerted on the chromosome leads to dephos- 
phorylation  of kinetochore  proteins,  providing  a  direct 
link between tension and kinetochore chemistry (Nicklas 
et al., 1995). These experiments provide a clue as to how 
the centromere might be able to signal tension, but do not 
show how tension is actually detected. One important hy- 
pothesis is that the centromere contains proteins whose 
conformations are directly affected by mechanical stress, 
leading  to  changes  in  enzymatic  or  binding  activities 
(Mclntosh,  1991;  Skibbens  et  al.,  1993;  Nicklas  et  al., 
1995). These molecular events, however, occur in the con- 
text of a  huge  macromolecular complex that,  in  higher 
cells, is dominated by the extensive satellite heterochro- 
matin domain of the centromere that provides the physical 
linkage between sister kinetochores. Indeed, while the se- 
quence of centromere satellite DNA is evolutionarily un- 
conserved, a unique form of chromatin structure has been 
found at all centromeres examined to date (Bloom et al., 
1984; Polizzi and Clarke, 1991; Tyler-Smith and Willard, 
1993). 
One function of centromeric chromatin may be to pro- 
vide a reproducible mechanical environment for the tensi- 
ometric mechanism(s) at the centromere. In this work we 
have investigated the dynamic mechanical and motile be- 
haviors of centromeric chromatin in living cells by labeling 
a defined DNA sequence compartment within human cen- 
tromeres. A  fusion between human CENP-B (Earnshaw 
et al., 1987), a centromeric satellite DNA-binding protein, 
and A. victoria green fluorescent protein (GFP) (Chalfie 
et  al.,  1994),  is  efficiently incorporated into  HeLa cen- 
tromeres, at a level estimated to correspond to 300-3,000 
molecules. Using time-lapse confocal microscopy, we find 
that human a-satellite chromatin behaves as an elastic ma- 
terial during mitosis, increasing twofold in width along the 
spindle  axis  from prophase  to metaphase.  In  highly re- 
solved  specimens,  we  observe  reversible  extensions  of 
20(P400 nm that occur between sister a-satellite domains 
during metaphase  chromosome oscillations.  These mor- 
phological chromatin dynamics require  the  presence  of 
microtubules and thus appear to report directly on the ten- 
sile status of centromeres within the spindle. In addition 
centromere positions and motility can be monitored in te- 
lophase and interphase nuclei. After an apparent isometric 
expansion  that  occurs  in  telophase  and  early  G1,  cen- 
tromeres are generally stationary within the nucleus. Oc- 
casionally, however, selective motility of one or a few cen- 
tromeres at a time is observed during interphase. Generation 
of human chromosomes labeled at a single locus by incor- 
poration of CENPB-GFP provides new avenues for inves- 
tigation of genomic structure and dynamics in the context 
of living cells. 
Materials and Methods 
Cell Culture and Transfection 
HeLa (ATCC CCI_3)  and U2OS (ATCC HTB96) cells were maintained 
in DMEM with 10% FCS (Gibco-BRL, Gaithersburg, MD) at 37°C in a 
5% CO2 atmosphere. Cells were plated on glass coverslips at a density of 
2-2.5 ×  104 cells/era  2 the night before transfection. Transfection was per- 
formed in serum free medium using Lipofectamine (Gibco-BRL) as previ- 
ously described (Sullivan et al., 1994).  Cells were visualized by fluores- 
cence microscopy 18-72 h following application of DNA. 
DNA Constructs 
Wild-type GFP.  This construct was  assembled from three  DNA  frag- 
ments. The vector backbone was a  3.5-kb ApaI and SaeI fragment pre- 
pared from plasmid pcDL-CAHA1, which contains an enhanced SV40 
early promoter driving a copy of the human CENP-A gene. The ApaI site 
at CENP-A codon 2 is in frame with an identical site at codon 2 of CENP- 
B, so this vector provides the 5' untranslated region and start codon of 
CENP-A. The CENP-B portion of the construct extended from codon 2 
to codon 169, and was synthesized by PCR, with the addition of an XbaI 
restriction site at the 3' end of the fragment for fusion with GFP. The GFP 
cDNA, including a  short polylinker preceding the initiation codon for 
GFP, was obtained as a 1-kb XbaI--SacI restriction fragment from a plas- 
mid, pGEX-GFP, kindly provided by J. Harper.(The Scripps Research In- 
stitute, La Jolla,  CA.)  These three fragments were  ligated together to 
form pCENPB-GFP and plasmids were recovered by transformation into 
E. coli. All sequences amplified by PCR were sequenced after cloning to 
verify sequence fidelity (Sequenase, USB, Cleveland, OH). The mutant 
CENP-B sequence, CENP-B A4-16, contained a deletion of codons 4-16, 
produced by oligonucleotide directed mutagenesis. It was transferred to 
pCENPB-GFP as an ApaI-XhoI fragment, replacing the corresponding 
region of the wild-type DNA-binding domain. 
A second construct was prepared using the mutant $65T form of GFP, 
kindly provided by Drs. R. Heim and R. Tsien (University of California, 
San Diego, CA.) In this case, CENP-B and GFP fragments were amplified 
by PCR, incorporating the in frame XbaI site for fusion of CENP-B to 
GFP and the products were cloned directly into the CMV promoter vector 
pCDNA-3  (Invitrogen,  San  Diego,  CA).  The  resulting plasmid, pCB- 
G(S65T), was checked for fidelity by DNA sequence analysis. 
Fluorescence and Immunofluorescence Microscopy 
Cells were fixed for microscopy in PBS containing 4% formaldehyde pre- 
pared freshly from paraformaldehyde, washed three times with PBS, and 
then  mounted  with  an  anti-quenching reagent  (SlowFade,  Molecular 
Probes, Eugene, OR). Alternatively, coverslips could be simply washed in 
PBS and mounted directly on slides for observation within 10-15 rain. Im- 
munofluorescence was performed as described previously (Sullivan et al., 
1994), using antibodies against tubulin (DM1A, Sigma Immunochemicals, 
St. Louis, MO), CENP-B (mACA-1; Earnshaw et al., 1987), a human cen- 
tromere  autoantiserum (hACA-M; Sullivan et  al.,  1994),  or polyclonal 
rabbit sera against lamin-A, a  gift from Dr. Larry Geraee (The Scripps 
Research Institute, La Jolla, CA), or CENP-E, a gift from Dr. Don Cleve- 
land (University of California, San Diego, CA). For in vivo observation, 
coverslips  were  mounted  with  DMEM  in  a  Dvorak-Stotler  chamber 
(Nicholson Precision Instruments, Gaithersburg, MD) and an air curtain 
incubator was used to maintain the microscope stage between 35°C-37°C. 
Images were collected on an MRC-600 confocal microscope built on a 
Zeiss Axiovert 100 inverted microscope using a  63×  1.4 NA Zeiss Neo 
Fluar lens and 10% laser power for illumination (Bio Rad Labs, Hercules, 
1. Abbreviation used in this paper. GFP, green fluorescent protein. 
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tromeres within the densely packed clusters of centromeres at metaphase 
and anaphase, which was not possible by standard epifluorescence micros- 
copy. Single images from fixed and live specimens were collected by aver- 
aging 5-15 scans at the normal scan rate of the microscope, ~1 s/scan. Op- 
tical section series were collected in the same mode with a step size of 0.36 
or 0.54 i~rrdsection;  5 scans were averaged from living specimens, resulting 
in a 5-s image collection time. For time lapse sequences, images were ob- 
tained by averaging 2-4 scans in the fast scan mode (ca. 0.6 s/scan), for a 
collection time of 1.2-2.4s per image. The time required to store a  full 
frame image to disk was -,-6.5 s, allowing a maximal collection rate of 6--7 
images per minute. Time lapse segments  were collected from a single focal 
plane at maximal rates during mitotic observations and at 0.5-2 frames 
per minute for interphase. One limitation of this method is the motion of 
centromeres in live cells during image acquisition. This is negligible for 
fast time lapse segments where centromeres moving at a rate of 2 ixm/min 
will only move ,,4).1 p.m during image formation. Similarly, in optical sec- 
tion series motion during image formation would be <0.2 Ixm. However, 
successive  images along the z-axis are offset by up to 15 s (0.5 pan). A second 
limitation  encountered in  time lapse observations is that  centromeres 
sometimes move out of the focal plane, restricting the number of cen- 
tromeres available for analysis. 
Wide field optical section microscopy was performed using an Applied 
Precision (Mercer Island, WA) microscope system built on an Olympus 
IX-70 using a 60× water immersion lens. After deeonvolution, a projec- 
tion image was constructed from the entire section series. 
Image Processing and Analysis 
For  quantitative  morphometry and  motility  analysis, images were  im- 
ported into an image processing program (Image Pro Plus, Media Cyber- 
netics, Bethesda, MD).  Outlines of individual centromeres were  estab- 
lished by a thresholding algorithm and their dimensions were determined 
as the axes of an ellipse encompassing each signal. Images of optical sec- 
tion series were inspected visually to identify the section containing the 
maximal cross section of each centromere and morphological data were 
collected from that section. Centromere dimensions in each population 
approximated a  normal distribution. The significance of morphological 
differences was evaluated with Student's t test. For motility analysis, time 
lapse image sequences were viewed as movies using Bin Rad Confocal As- 
sistant software to identify centromeres that could be tracked through the 
sequence. Image stacks were then imported into Image Pro Plus and the 
positions of each centromere were recorded. For the experiment shown in 
Fig. 7, fixed points on either side of the metaphase plate were chosen at 
approximately the apex of an equilateral triangle whose base was drawn 
through the center of the chromosome band at  anaphase. These fixed 
points were used to approximate the positions of the spindle poles for cal- 
culation of centromere-to-pole distances shown in Fig. 7 b. Data were ex- 
ported to a spreadsheet (Excel, Microsoft Corporation, Redmond, WA) 
for analysis. 
Results 
Fluorescent Labeling of Human Centromeric DNA 
Sequences In Vivo 
To develop a probe for centromere dynamics, we fused the 
coding region for the DNA-binding domain of CENP-B, 
codons 1-167 (Sullivan and Glass, 1991; Pluta et al., 1992; 
Yoda et al., 1992), to the NH2 terminus of the A. victoria 
GFP cDNA (Prasher et al., 1992; Chalfie et al., 1994), us- 
ing PCR to introduce compatible restriction sites. When 
introduced into HeLa cells the chimeric gene produced a 
fluorescent  protein,  CENPB-GFP,  that  accumulated  in 
numerous foci within the nuclei of transfected cells, readily 
visible in fixed (Fig. 1 A) or living specimens (Fig. 1 B). The 
identity of these  labeled  foci  as  centromeres was  con- 
firmed  in  two  ways.  First,  a  control  construct  was  ex- 
pressed using a  mutated form of CENP-B, containing a 
small deletion that destroys DNA-binding activity (Pluta 
et  al.,  1992;  Yoda  et  al.,  1992).  The  resulting  protein, 
CENPB-A416-GFP, accumulated throughout the nucleus, 
with some concentration in nucleoli, but failed to adopt a 
centromere-like localization (Fig.  1  C).  Secondly, trans- 
fected cells were examined by immunofluorescence using 
human anti-centromere antibodies (Fig. 1 D) or a mono- 
clonal antibody against CENP-B, mACA-1 (Earnshaw et 
al., 1987), that recognizes the COOH terminus of endoge- 
nous  HeLa CENP-B  (Fig.  1 E).  In  each case,  CENPB- 
GFP labeled loci corresponded precisely to centromeres 
as defined by immunostaining. Thus, binding of a-satellite 
DNA sequences by CENP-B targets GFP to human cen- 
tromeres, rendering these loci visible in  situ by fluores- 
cence microscopy in living cells. 
To determine whether CENPB-GFP can be used as a 
probe for centromere dynamics in vivo, cells transfected 
with CENPB-GFP were mounted in a culture chamber for 
observation  by  fluorescence  microscopy  using  cooled 
CCD imaging. Mitotic cells with labeled centromeres were 
observed undergoing apparently normal chromosome seg- 
regation (Fig. 2 A). CENPB-GFP labeled cells were able 
to complete mitosis with normal cytokinesis during fluo- 
rescence observation (Fig. 2 B). The rate of chromosome 
separation in this cell was ,,~1-2 p~m per minute (Fig. 2 C), 
consistent with normal rates of anaphase  in HeLa cells. 
Observation of cells in late telophase 'or early G1, still con- 
nected by  a  cytoplasmic bridge,  confirms  that  cells  ex- 
pressing  CENPB-GFP are  able  to successfully complete 
mitosis  (see  below).  We  conclude  that  expression  of 
CENPB-GFP at levels sufficient for in  vivo observation 
does not disrupt mitosis. 
Morphological Dynamics of a-Satellite  DNA Domains 
in the Cell Cycle 
Classic  immunofluorescence  experiments  using  human 
centromere autoantibodies revealed that centromeres be- 
come duplicated during G2 and are visible as paired spots 
throughout mitosis until the onset of anaphase (Brenner 
et al., 1981). However, immunofluorescence and immune- 
electron  microscopy  with  CENP-B  antibodies  demon- 
strated that CENP-B is distributed more uniformly across 
the  entire  heterochromatic  domain  in  human  chromo- 
somes, with paired centromeres often unresolved on iso- 
lated mitotic chromosomes (Earnshaw et al., 1987; Cooke 
et  al.,  1990;  Compton  et  al.,  1991).  In  interphase  cells 
CENPB-GFP was observed as single, symmetric fluores- 
cent loci with some clustering around nucleoli or hetero- 
chromatic domains (Fig. 3 A). About 60 discrete loci of 
varying fluorescence intensity could be resolved in inter- 
phase  nuclei,  indicating  that  at  least  half  of  the  cen- 
tromeres in these highly aneuploid HeLa cells (2n =  ,--~80) 
are  resolved  as  individual  spots.  Cells  in  prometaphase 
(Fig. 3 B) show an elongation of some centromeres, but we 
do not detect paired spots of CENPB-GFP fluorescence in 
HeLa cells until metaphase, where CENPB-GFP fluores- 
cence is sometimes resolved into distinct twin loci but of- 
ten appears as single elongated structures oriented parallel 
to the spindle axis, perpendicular to the metaphase plate 
(Fig. 3 C). In anaphase, CENPB-GFP foci return to their 
symmetric morphology (Fig. 3 D). The a-satellite domain 
of the centromere appears to become elongated at a rela- 
Shelby et al. Centromere Dynamics In Vivo  547 Figure 1.  Targeting GFP to centromeric a-satellite DNA. Cells were transfected with plasmid pCENPB-GFP and visualized 48 h later 
by confocal microscopy. (A) Fixed cell, 4% formaldehyde;  (B) live cells; (C) GFP coupled to a mutant CENP-B DNA-binding domain 
that lacks DNA-binding activity failed to adopt a specific localization within the nucleus. Immunofluorescence confirms that the sites of 
CENPB-GFP localization correspond to centromeres. Transfected cells were fixed 48 h following transfection  and subjected  to immu- 
nofluorescence  using (D) human anti-centromere antibodies  or (E) monoclonal antibody mACA-1 against the COOH terminus of hu- 
man CENP-B. In each panel the GFP signal is shown in green on the left while antibody signal detected with rhodamine is shown in red 
on the right. A merge of the two signals is shown in the center to evaluate codistribution,  where yellow indicates signal overlap. Bars: 
(A-C) 5 wm. 
tively late stage during mitosis, temporally correlated with 
spindle attachment rather than centromere replication or 
chromosome condensation. 
To examine the structural changes in a-satellite domains 
during mitosis more accurately, we used dual-label immu- 
nofluorescence  to  simultaneously  visualize  centromeres 
and the nuclear lamina (Fig. 4, A-F). Immunofluorescence 
with  mACA-1  allowed  analysis  of CENP-B  in  multiple 
cells without the complication of variable expression levels 
obtained using CENPB-GFP. It also allowed more consis- 
tent resolution of CENP-B  domains into paired spots as 
compared with CENPB-GFP, which we believe is due to 
overexpression of CENPB-GFP, as discussed below. Visu- 
alization of lamin-A allowed us to  accurately stage cells 
within mitosis. The largest cross section for each CENP-B 
signal within a cell was located in a  complete optical sec- 
tion series and measured to determine centromere dimen- 
sions as the major and minor axes of an ellipse that con- 
tained the signal. The ratio of these axes, rx, is a measure 
of the symmetry of the centromere profiles. A  summary of 
these data are presented in Table I. 
Cells in interphase had intact nuclear lamina with no de- 
tectable  cytoplasmic  lamin-A  fluorescence  and,  as  de- 
scribed above, CENP-B loci in these  cells generally pre- 
sented round, nearly symmetric profiles in optical sections 
(Fig. 4 A). Measurements from cells judged to be in G1 on 
the basis of CENP-B signal intensity revealed a mean ma- 
jor axis length of 0.74 ixm (Table I). Cells in prophase had 
well defined nuclear lamina but also exhibited diffuse cy- 
toplasmic and nucleoplasmic lamin-A fluorescence (Fig. 4 B). 
The  mean  major  axis  length  of prophase a-satellite  do- 
mains, 0.85  Ixm, was greater than interphase cells but they 
remain nearly symmetric single spots with an rx of 1.4, the 
same  as  interphase  cells.  Only  rarely  (<10%)  did  pro- 
phase  a-satellite  domains  appear to resolve as  a  pair  of 
spots in HeLa cells. Cells in prometaphase had bright cyto- 
plasmic lamin-A staining and no, or almost no, remaining 
nuclear  lamina  and  centromeres  that  had  not  yet  con- 
gressed (Fig. 4 C). Prometaphase cells contained a mixture 
of symmetric and elongated a-satellite domains, many of 
which could be resolved into closely apposed paired spots 
(arrows, Fig. 4 C), with a mean major axis length of 1.05 t~m. 
Metaphase was identified by virtue of a set of centromeres 
that had fully congressed to a  metaphase plate (Fig. 4, D 
and E). In these cells, about half of the centromeres could 
be resolved with a classic paired dot morphology, possess- 
ing  two  separated  sister  CENP-B  foci of equal  intensity 
whose long axis was perpendicular to the metaphase plate. 
The mean major axis length of metaphase a-satellite do- 
mains, corresponding to the width across the centromere, 
was  1.48 Izm. However, if only those centromeres that are 
actually resolved as pairs are considered, this mean length 
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lite domains during the cell cycle. HeLa cells expressing CENPB- 
GFP were fixed and analyzed by serial section confocal micros- 
copy. A  set  of optical  sections collected  at  0.36-1xm intervals, 
spanning a total depth of 2-5 Ixm through the optical axis was ob- 
tained from a group of representative cells in (A) interphase; (B) 
prometaphase;  (C)  metaphase;  and  (D)  anaphase.  Images  are 
projections of three consecutive optical sections. 
Figure 2.  Mitosis is undisturbed in the presence of CENPB-GFP. 
HeLa ceils were transfected with pCENPB-GFP and mounted in 
an incubation chamber ~48 h later for live observation by fluo- 
rescence microscopy. A  metaphase  cell was identified  and  im- 
aged using a cooled CCD camera at ool-min intervals beginning 
just  after  anaphase  onset.  (A)  Fluorescence  images  of GFP- 
labeled centromeres  during anaphase, progressing from the up- 
per left to lower right images. (B) Phase images taken during the 
latter  half of the  time  course showing normal  cytokinesis. (C) 
Centromere  separation was determined  as the distance between 
the centroids of each group of centromeres  and is plotted  as a 
function of time. 
increased  to  1.60  Ixm. These  differences  in  major  axis 
length between successive mitotic stages are significant at 
a  level  of P  <  0.001  based  on  a  Students  t  test.  After 
anaphase separation, centromeres returned to their com- 
pact,  symmetric  morphology  with  a  mean  major  axis 
length of 0.73 ~m, identical to that measured in interphase 
cells. 
These  experiments  demonstrate  that  inner  domain  of 
the  centromere,  defined by the  CENP-B rich c~-satellite 
domains  and  the  central  pairing  domain between  them, 
undergoes an elongation beginning in prometaphase and 
reaching maximal extension at metaphase.  We have also 
visualized this elongation by wide field optical section mi- 
croscopy  coupled  with  computational  deconvolution 
(Hiraoka et al.,  1990; Fig. 4,  G-/). These images show a 
U2OS  cell  in  metaphase,  following  transfection  with 
CENPB-GFP (green)  and  immunofluorescence using  an 
antibody to the kinetochore plate protein CENP-E (red). 
The extended nature of the a-satellite domains is quite ev- 
ident,  as is the diminution of CENPB-GFP signal in the 
center of the centromere. 
One possible explanation for these observations is that 
the  centromeres  do not  elongate,  but rather  reorient  at 
metaphase to become perpendicular to the optical axis, al- 
lowing maximal resolution in the image (x, y) plane. Cells 
at other stages have centromeres that are, presumably, ori- 
ented randomly with  respect to the  optical  (z)  axis.  We 
have not made quantitative measurements along the z axis 
due to limitations in axial resolution inherent in fluores- 
cence microscopy. However, we do not believe that differ- 
ences  in  orientation  significantly affect our findings,  for 
two reasons. First, if prophase centromeres are extended 
along  the  z  axis,  we  would  expect  that  measurements 
made from projection images of multiple  sections would 
be greater than single plane measurements, yet no differ- 
ences were seen with 1.4 Ixm projections. Second, if cen- 
tromeres  in  prophase  are  morphologically equivalent  to 
those  in metaphase,  many prophase centromeres should 
be  oriented  at  an  angle sufficient to  see  the  paired  dot 
morphology, which we did not observe. While reorienta- 
tion of centromeres may contribute moderately to our re- 
suits, there must be additional factors that lead to a physical 
increase in the distance across the centromere at metaphase. 
Disruption of Microtubules Inhibits 
Centromere Elongation 
Elongation of the  a-satellite  domains  could represent  a 
late stage in the structural maturation of the centromeres 
or mitotic chromosomes, such  as  decatenation by topo- 
isomerase  II (Gimenez-Abian et  al.,  1995)  or structural 
changes induced by assembly of other centromere proteins 
such as CENP-E or CENP-F (Yen et al., 1992; Liao et al., 
1995).  Alternatively,  the  elongated  morphology of cen- 
tromeres in metaphase could be a result of mitotic forces, 
reflecting  the  fact  that  chromosomes are  under  tension 
during most of mitosis (Nicklas, 1988). Since mitotic forces 
require  microtubules, we sought to distinguish these two 
possibilities  by examining a-satellite  morphology in cells 
arrested in mitosis with low concentrations of the microtu- 
Shelby et al. Centromere Dynamics In Vivo  549 Figure 4.  Morphology of of CENP-B at different stages of mitosis. (A-F) HeLa cells were subject to immunofluorescence  using anti- 
CENP-B monoclonal  mACA-1 (green) and a rabbit antiserum against lamin-A (red). A complete optical section series was collected at 
0.36-1xm intervals and used for the morphometric analysis summarized in Table I. Illustrated are cells in (A) interphase; (B) prophase; 
(C) prometaphase; (D and E) metaphase; and (F) telophase. Arrows in C indicate centromeres with paired dot morphology that first be- 
come visible during prometaphase. (G-/) U2OS cells were transfected with pCENPB-GFP (green) and then subjected to immunofluo- 
rescence with a rabbit antiserum against CENP-E (red). Chromosomes were counterstained with DAPI (blue). A cell in metaphase was 
imaged as an optical section series, subjected to deconvolution, and then a projection image of the complete cell was constructed. (G) 
Merge of CENPB-GFP and CENP-E highlights  centromere structure; (H) three color images showing centromeres on the chromo- 
somes; and (/) chromosomes alone. Bar, (F) 10 i~m. 
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lnterphase  Prophase  Prometaphase  Metaphase  Telophase 
Major axis (~m)  0.74 --- 0.25 (136)  0.85 + 0.27 (139)  1.05 _-L-  0.30 (122)  1.48 --- 0.29 (136)  0.73 --- 0.22 (76) 
Minor axis (Ixm)  0.54 -  0.17  0.62 --- 0.18  0.68 -  0.18  0.71 -  0.17  0.52 -+ 0.14 
Aspect ratio  1.40 + 0.32  1.40 +_ 0.33  1.61 -+ 0.46  2.15 -+ 0.57  1.40 + 0.27 
Mean values -  standard  deviation  for centromere  dimensions  and aspect ratio determined  from  cells, some  of which are shown  in Fig.  4. Numbers  of  individual centromeres  in the 
analyzed  populations  are shown  in parentheses. 
bule  disrupting  agent vinblastine,  to promote  mitotic  ar- 
rest without completely disrupting spindle structure (Wen- 
dell et al.,  1993).  At 10 nM vinblastine,  ~40-50%  of the 
cells were arrested in mitosis after 15 h  as judged by chro- 
mosome condensation and a  metaphase-  or prometaphase- 
like distribution of centromeres. Numerous arrested cells, 
roughly half of the mitotic population, were observed with 
unelongated centromeres (Figs. 5, A, C, and F). 
To ensure that the morphology observed in fixed specimens 
accurately reflects the in vivo distribution of CENPB-GFP, 
we  used  optical  section  confocal  microscopy to  analyze 
centromere  morphology  in  live  cells.  Centromeres  in  a 
typical  vinblastine-arrested  metaphase  cell  were  highly 
symmetric structures,  loosely distributed  around the cen- 
tral  plane  (Fig.  5  C).  In contrast,  centromeres  in  an  un- 
treated  metaphase  cell  were  distinctly  elongated  (Fig.  5 
D).  In this  cell  a  pair  of chromosomes  that  have  either 
failed to congress or have separated early are located near 
the spindle poles, defining the axis of the mitotic spindle. 
Although  this  spindle  is  somewhat  tilted,  elongation  of 
centromeres along the spindle axis is clear, particularly in 
individual  cross  sections.  Measurement  of  eight  cen- 
tromeres  in  this  cell  that  were  distinctly  resolved  into 
paired dots resulted in a mean major axis length of 1.67 - 
0.15  ~m. This was twice the length of the symmetric cen- 
tromeres of the vinblastine  arrested cell shown in Fig. 5  C, 
which had a mean major axis length of 0.85  _+ 0.15 Ixm. A 
total  of 72  centromeres  were counted in  this  cell,  repre- 
senting ~90% of the chromosome number of a HeLa cell, 
rendering  unlikely  the  hypothesis  that  these  cells  with 
symmetric  centromeres  have  simply  undergone  centro- 
mere  splitting  without  segregation.  Resolution  of  cen- 
tromeres in live metaphase cells is potentially complicated 
by the motility of centromeres,  which show characteristic 
poleward and antipoleward oscillations during metaphase, 
at rates of ~2  ~m/min (Skibbens et al.,  1993; and see be- 
low). However, individual images were collected within 5 s, 
during which time a  maximum of only 0.2 ~m of motion 
may have occurred, insufficient to yield the observed dif- 
ference  in  dimensions  following  treatment  with  vinblas- 
tine.  Vinblastine  is  therefore  a  potent  inhibitor  of cen- 
tromere elongation. 
Despite the high proportion of vinblastine arrested cells 
that  exhibited  symmetric centromeres,  a  significant  frac- 
tion, roughly half, display the elongated centromere mor- 
phology typical  of normal  metaphase  cells.  At  very low 
levels  (~2  nM)  of  vinblastine,  spindle  organization  in 
HeLa  cells  remains  largely  intact  (Jordan  et  al.,  1992; 
Wendell et al.,  1993).  In our experiments,  approximately 
half of the ceils retain vestiges of mitotic spindle organiza- 
tion as assayed by tubulin immunofluorescence. While the 
quality  of immunofluorescence  in  cells  transiently  trans- 
Figure 5.  Mitotic  a-satellite  elongation  requires  microtubules. 
Serial  section confocal microscopy was used to examine ~t-satel- 
lite morphology in cells arrested in mitosis with vinblastine (A, C, 
and E-F) and untreated mitotic cells (B and D). (A) Vinblas- 
tine-arrested  cell  fixed with  4%  formaldehyde. The rightmost 
panel shows a  projection of the complete optical section series 
while  the four panels at left show successive  projections of ~2- 
~m segments of the series.  (B) Prometaphase cell fixed and dis- 
played as in A. (C) Live vinblastine-arrested cell showing whole 
cell  projection in rightmost panel and three representative  sec- 
tions in the left panels. (D) Live metaphase cell displayed as in C. 
(E and F) Tubulin immunofluorescenee was performed in order 
to examine residual spindle microtubule structures in vinblastine- 
arrested  cultures  after  transfection  with  pCENPB-GFP.  GFP 
(green) and tubulin (red) were simultaneously visualized by con- 
focal microscopy. Note residual spindle structure in a cell  with 
elongated centromeres (E) and the lack of detectable filamentous 
tubulin in a cell with symmetric centromeres (F). Scale bars equal 
5 microns. 
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tine  is  less than  ideal,  cells with detectable  spindle  rem- 
nants exhibited elongated centromere morphology (Fig. 5 E). 
In contrast, cells with symmetric centromeres lacked de- 
tectable spindle microtubules, although  the metaphase-like 
organization of chromosomes was evident by exclusion of 
background  tubulin  staining  (Fig.  5  /7). Taken  together, 
these observations show that the elongated morphology of 
c~-satellite  domains at metaphase is closely correlated with 
the presence of spindle microtubules and thus is related to 
microtubule  function  in  the  spindle  rather  than  mitotic 
chromosome structure per se. 
Time Lapse Observations of Centromere Morphology in 
Live Mitotic Cells 
Chromosomes that have achieved bipolar attachment to 
the  spindle  are  under  tension  across  their  centromeres 
(Nicklas, 1988)  and undergo nearly continuous motility in 
the form of poleward-antipoleward oscillations around the 
metaphase plate (Skibbens et al., 1993).  This motility was 
readily observed in  cells transformed with CENPB-GFP 
using  time  lapse  confocal  microscopy  (Fig.  6).  During 
these oscillatory motions well resolved centromeres were 
occasionally observed undergoing apparenffelastic distor- 
tion  as  the  two  sister  satellite  domains transiently  sepa- 
rated from each other, in the direction of the spindle axis 
(arrows, Fig. 6 A). For quantitative  analysis of these  ap- 
parent elastic episodes, we measured the center-to-center 
distance  between the paired fluorescent foci of two cen- 
tromeres in this cell, plotted as a function of time in Fig. 6 B. 
The center-to-center distance, which measures the distance 
across  the  interior  compartment  of  the  centromere,  in- 
creased from 0.6 txm to i  v~m in one case and from 0.75 Ixm 
to 1.05  Ixm in the other, a distortion of 0.3-0.4 wm. These 
data show that the interior of the centromere, the central 
pairing domain and its surrounding heterochromatin, is a 
compliant element that reversibly expands along the direc- 
tion of the spindle axis during metaphase chromosome os- 
cillations. 
Tracking Centromere Motility in Mitosis 
and Interphase 
During  anaphase,  the  motility  of  centromeres  can  be 
tracked with CENPB-GFP for high resolution analysis of 
chromosome segregation  (Fig.  7).  We  have  successfully 
tracked  up  to  12  centromeres in  a  single  plane  through 
anaphase,  allowing determination  of both mean  rates of 
poleward  migration  as  well  as  observation  of individual 
centromere  behaviors.  Centromeres  in  anaphase  HeLa 
cells  occasionally  reverse  their  poleward  migration  and 
migrate toward the spindle equator for periods of 30--60 s 
(Fig. 7 A), as described for newt lung cells (Skibbens et al., 
1993).  During  the  recovery  phase  of  these  excursions, 
which we have observed in four anaphase HeLa cells, cen- 
tromeres migrate at a rate that is 2-3-fold faster than the 
average  rate  of  anaphase  chromosome  movement  until 
they rejoin the moving chromosomal plate and resume a 
normal rate of migration (Fig. 7 B). This suggests that the 
anaphase governor, postulated to account for the slow rate 
of anaphase chromosome motility (Nicklas,  1983;  for re- 
view see Inoue and Salmon, 1995), does not operate uni- 
formly throughout  the  spindle  but  appears to  be associ- 
ated with chromosomes. 
During telophase, the interphase nucleus is reformed by 
reassembly of the nuclear envelope and decondensation of 
the chromosomes. Time lapse series were collected begin- 
ning in  late  anaphase for periods up to 2  h,  to visualize 
centromere behavior during telophase and early G1 (Fig. 8). 
Expansion  of  the  tightly  packed  polar  band  of  cen- 
tromeres began almost immediately following cytokinesis 
and continued for up to 1 1/2 h. During this time the cen- 
tromeres expanded radially, away from the center of the 
band  in  what  appears  as  a  nearly  isometric  expansion. 
Centromeres themselves did not decondense to a  signifi- 
cant extent, consistent with their consitutive heterochro- 
Figure 6.  Apparent elastic behavior of a-satellite domains in vivo. HeLa cells transfected with pCENPB-GFP were maintained in a per- 
fusion chamber at 37°C for time lapse observation by confocal microscopy. Images were collected  from a single plane at a rate of six 
frames per minute. (A) Images  of a cell in metaphase are shown at 20-s intervals. Two centromeres that undergo apparent elastic distor- 
tions during metaphase oscillations are highlighted by arrows. Thick arrows are used at the start of the sequence (upper right) and at the 
time of maximal centromere extension. (B) The center-to-center distances between the paired sister t~-satellite domains of the two cen- 
tromeres indicated in A are plotted as a function of time. Bar, (A) 2 ~m. 
The Journal of Cell Biology,  Volume 135, 1996  552 Figure 7.  Anaphase governor activity does not operate uniformly 
throughout the spindle.  Single plane confocal time lapse images 
were collected  as in Fig. 6 at 12-s intervals  for a cell executing 
anaphase. (A) Individual centromeres (arrows) were occasionally 
seen to reverse their poleward motion and migrate toward the 
spindle  midzone for 4(~60  s.  (B) The distances  between cen- 
tromeres and fixed points approximating the spindle poles were 
determined and are plotted as a function of time. Dashed line, av- 
erage distance for 12 centromeres; solid lines, centromere-to-pole 
distance  for  two  oscillating  centromeres  shown  in  A.  Cen- 
tromeres in the recovery phase of anaphase oscillations  moved 
faster than those closer to the pole. 
matic nature. We did not observe any relative movement 
of centromeres in directions contrary to the overall expan- 
sion, although they showed more small scale (1-2 Ixm ra- 
dius)  brownian-like motion than observed in  mature nu- 
clei. These data show that the position of each centromere 
within the early G1 nucleus is determined primarily by its 
position  within  the  polar  band,  presumably  dictated  by 
patterns of decondensation of the chromosome arms. 
Centromere dynamics during interphase have been in- 
ferred on the basis of changes in their patterns of distribu- 
tion within the nucleus, detected by immunocytochemistry 
and in situ hybridization (e.g., Manuelidis, 1984, 1985; Fer- 
guson and  Ward,  1992;  Janevski et al.,  1995).  Motile be- 
havior of discrete genomic loci, however, has not been ob- 
served directly in living cells. During interphase we have 
observed fields of cells for up to 2 h at sampling rates of 1 
frame per minute. The majority of centromeres observed 
in interphase nuclei remained at rest in fixed relative posi- 
tions within the nucleus even as the nuclei moved as a re- 
sult of cell locomotion. Essentially no brownian movement 
of centromeres was observed, although larger cytoplasmic 
or extracellular particles showed significant brownian mo- 
tion,  indicating  that  interphase  chromatin  acts  as  a  rela- 
tively rigid  matrix.  Occasionally,  however,  we  observed 
motility of one or a few centromeres within an interphase 
nucleus (Fig. 9). These movements were very slow, on the 
order of 7-10  ixm per hour,  and  appeared to be specific 
motility of certain centromeres, since nearby centromeres 
remained motionless during the observation period. Thus, 
movement of centromeres within  the  nucleus  after telo- 
phase occurs relatively infrequently but does occur in an 
apparently selective fashion. 
Discussion 
In vivo labeling of centromere DNA sequences using a flu- 
orescent  CENP-B  derivative provides  a  novel  approach 
for investigation of chromosome dynamics at all stages of 
the cell cycle. The target site for CENP-B binding is a 17-bp 
sequence  found  within  the  170-bp  a-satellite  monomer 
that comprises the basic repeat unit for the large tandem 
arrays  of  alphoid  DNA  present  in  human  centromeres 
(Masumoto et al., 1989).  While the abundance of CENP-B 
box sequences in human DNA has not been directly mea- 
sured, ~10% of sequenced o~-satellite  monomers in Gen- 
Bank possess a  CENP-B box, which would correspond to 
~3,000  sites  per  chromosome, on  average.  Estimates  of 
CENP-B abundance in HeLa cells range from ~300-600 
copies per chromosome (Earnshaw, W.0.,  personal com- 
munication and Sullivan, K.F., unpublished observations). 
From these estimates, it would appear that a-satellite loci 
are not saturated by endogenous CENP-B. In immunoflu- 
orescence experiments, CENPB-GFP transfected cells of- 
ten  appeared brighter than surrounding  celts using a  hu- 
man anti-centromere serum that recognizes the CENP-B 
DNA-binding domain, indicating that HeLa centromeres 
do in fact have a capacity to incorporate additional CENP-B. 
We  estimate  that  the  signals  we  observe correspond  to 
300-3,000 GFP molecules per centromere, on average. 
Elongation of centromeres at metaphase is observed us- 
ing both intrinsic staining with CENPB-GFP as well as im- 
munofluorescence with mACA-1. However, in contrast to 
mACA-1 staining, which readily resolves the paired spots 
of sister centromeres at metaphase, CENPB-GFP fluores- 
cence often appears continuous across the centromere. We 
believe this is due to increased sensitivity of detection of 
a-satellite DNA with CENPB-GFP, due in part to overex- 
pression and increased occupancy of the available CENP-B 
box sequences. Our results with CENPB-GFP are consis- 
tent  with  those  of Cooke  and  Earnshaw  (1990)  who re- 
ported  that  CENP-B is localized broadly throughout  the 
heterochromatic  domain  of  the  centromere,  based  on 
immunoelectron  microscopy.  On  many human  chromo- 
somes,  contiguous  blocks  of  a-satellite  DNA  comprise 
most, if not all, of the cytogenetically defined centromere 
(Tyler-Smith and Brown,  1987;  Tyler-Smith and Willard, 
1993), although these arrays can be punctuated by non-a- 
satellite sequences on some chromosomes (Wevrick et al., 
1992).  Two  distinct  a-satellite  arrays are  found  on  both 
chromosomes  7  (Wevrick  et  al.,  1992;  Haaf and  Ward, 
1994)  and 21  (Ikeno et al.,  1994),  and in both cases the 
primary constriction is comprised of a  CENP-B box rich 
et-satellite subfamily. Taken together, these  observations 
are consistent with the idea that the primary constriction is 
comprised  of  u-satellite  DNA  with  a  high  density  of 
CENP-B-binding sites which  we can label to high occu- 
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cally seen at GFP-labeled HeLa centromeres. 
Evidence  that  kinetochores  are  able  to  stretch  during 
mitosis comes from early light and electron microscopy of 
mitotic cells as well as more recent video DIC techniques 
(Roos, 1973; Tippit et al., 1980;  Rieder and Borisy, 1981; 
Skibbens et al.,  1993).  During prometaphase in mamma- 
lian cells, kinetochores bound to microtubule fibers can of- 
ten  be seen stretched  toward  a  pole,  attached  by a  thin 
strand drawn out from the chromosome. This is dramati- 
cally  observed  in  diatoms,  where  sister  kinetochores 
stretch  to  opposite  poles  by  metaphase  (Tippit  et  al., 
1980),  but  kinetochores  appear  more  relaxed  by  meta- 
phase in animal cells (Roos, 1973;  Mclntosh  et al.,  1975; 
Rieder  and  Borisy,  1981).  Indeed, many electron micro- 
scopic images give the impression that the central region 
of the chromosome is resistant to deformation (e.g., Figs. 3 
and  7  of Roos,  1973).  The  elongation  of a-satellite  do- 
mains appears to differ from this kinetochore stretching, 
as it involves the central domain of the  centromere and 
does not become maximal until metaphase. Nevertheless, 
the microtubule dependence of this process suggests that it 
is driven by spindle forces and reports on the tension, or 
net force, exerted across the centromere. 
If a-satellite  comprises the  DNA  of the  primary con- 
striction, then what is the space between separated CENP-B 
loci? One possibility is that sequences flanking the a-satel- 
lite domains could be folded to form the interior part of 
the  centromere,  similar  to  the  model  for  interaction  of 
flanking  elements of the  S. pombe  centromere with  the 
central core sequences (MarschaU and Clarke, 1995). This 
seems unlikely since loci flanking CENP-B rich a-satellite 
domains appear peripheral to the primary constriction by 
Figure  8.  Centromere  dis- 
persal  at  telophase  appears 
as a nearly isometric  expan- 
sion. A  time lapse sequence 
was  collected  from a  U2OS 
(human  osteosarcoma)  cell 
transfected  with  CENPB- 
GFP,  beginning  in  late 
anaphase. Successive images 
are shown at 5-min intervals 
spanning  30  min  of  late 
anaphase  and  telophase. 
CENPB-GFP fluorescence  is 
shown  at  left with  a  reflec- 
tance mode image on the right 
in each panel. Bar, 10 I~m. 
in situ hybridization (Ikeno et al.,  1994;  Haaf and Ward, 
1994).  Available data, however, do not formally rule out 
the  possibility  that  a-satellite  could  contain  other  se- 
quence classes interspersed within the arrays, as observed 
in Drosophila centromere associated satellite arrays (Le 
et al., 1995). The space could represent a transient separa- 
tion of the chromatids at the primary constriction. Experi- 
mental integration of a-satellite DNA arrays into nonhu- 
man chromosomes produces aberrant chromatid cohesion 
in anaphase, suggesting a role for a-satellite in maintaining 
the  connection  across the  centromere (Haaf et al.,  1992; 
Larin et al., 1994).  Occasionally, however, the chromatin 
of  the  inner  centromere  region  of  metaphase  chromo- 
somes does appear to be extended and less dense than the 
surrounding chromatin (Roos, 1973; Mclntosh et al., 1975; 
Skibbens et al., 1993).  A  third alternative is that the space 
represents a  nonchromatin component that links the two 
chromatids.  While  it is clear that  chromatid cohesion  at 
the centromere is ultimately protein dependent (Holloway 
et al., 1993; Stratmann and Lehner, 1996), there is no evi- 
dence for a large nonchromatin component of the central 
pairing domain of the centromere. Rather, in examples of 
extended metaphase centromeres, the material linking the 
two chromatids appears identical to the surrounding chro- 
matin fibers. We favor the hypotheses that either CENP-B 
is  excluded  from this  region  through  assembly of other 
centromere proteins or that the chromatin fibers between 
sister chromatids becomes drawn to a point where CENP-B 
falls below detectable levels. In either case, the separation 
of CENP-B loci reveals an elastic element at the center of 
the centromere that is almost certainly comprised of some 
form of a-satellite chromatin. 
The late timing and interior location of the central do- 
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nuclei. A single plane confocal time lapse series was collected  as 
in Fig. 6 at 30-s intervals for a field of interphase cells. Significant 
centromere motility  was observed in one of five cells observed 
over a 1-h period. (A) Successive images, progressing  from top 
left to bottom right, from a cell exhibiting interphase centromere 
motility, with an arrow indicating the region of interest.  (B) Inter- 
phase centromere movement is plotted as the distance  from the 
starting position  for a group of six centromeres from the region 
indicated  in panel A. Three centromeres exhibit  motility  while 
three centromeres in the same vicinity of the nucleus remain rela- 
tively stationary throughout the interval shown. 
main elasticity we observe indicates that it is, at least par- 
tially, distinct from the poleward stretching of chromatin 
subjacent  to  the  kinetochore  that  occurs  during  pro- 
metaphase. This could be due to different elastic proper- 
ties of the  two chromatin compartments or to some vis- 
coelastic  property  of  the  a-satellite  chromatin.  In  this 
respect it is important to note that tension appears to regu- 
late  different  kinds  of  activities  during  mitosis.  The 
anaphase checkpoint detects a low frequency event, bipo- 
lar  chromosome  attachment,  that  occurs  only  once  for 
each chromosome in mitosis (Nicklas and Ward, 1994) and 
acts globally throughout the cell. Conversely, the rapid re- 
versals  of  kinetochore  motility  exhibited  by  oscillating 
chromosomes occur at high frequency throughout mitosis 
and act locally on individual kinetochores (Skibbens et al., 
1993,  1995). The presence of multiple elastic components 
within the centromere could be a  way for the  spindle to 
isolate different  mechanical signaling mechanisms of the 
chromosomes, or buffer the communication between sister 
kinetochores. 
Despite  the  normal  correlation  between  a-satellite 
DNA  and  the  functional  centromere,  a-satellites  are 
highly  polymorphic  (Wevrick  and  Willard,  1989;  Tyler- 
Smith et al., 1993) and instances of centromeres that pos- 
sess  no  detectable  a-satellite  DNA  have  been  reported 
(Voullaire  et  al.,  1993;  Blennow  et  al.,  1994).  Chromo- 
somes without detectable levels of e~-satellite  DNA some- 
times segregate normally (Voullaire et al., 1993) but some- 
times do not (Blennow et al., 1994). How is this consistent 
with any definite role for a-satellite DNA? In centromeres 
devoid of a-satellite  DNA or CENP-B,  other conserved 
centromere proteins may be present at the functional cen- 
tromere, including  CENP-A  (Voullaire  et  al.,  1993)  and 
CENP-C (Eamshaw et al.,  1989),  perhaps in  association 
with a  normally inactive latent centromere locus. Dissec- 
tion of a  Drosophila  centromere resulted in construction 
of acentric chromosome derivatives that, although lacking 
the essential central core sequences, retained some segre- 
gation capability (Murphy and Karpen, 1995).  In S. pombe, 
an  epigenetic  feature  of  centromere  function  has  been 
identified  that  is  correlated  with  the  unique  chromatin 
structure  of the  central  core  of the  centromere  (Steiner 
and Clarke, 1994). In these experiments, cells could spon- 
taneously activate defective centromeres in the absence of 
any change at the level of DNA sequence. These results 
suggest that some important functions of the centromere 
are dependent on the unique features of centromeric chro- 
matin and perhaps partially independent of the underlying 
DNA sequences. 
The  positions of centromeres in  interphase  reflect the 
underlying  distribution  of  chromosomes  within  the  nu- 
cleus.  Previous  experiments  indicate  that  chromosomes 
occupy essentially random positions in the  nuclei of cul- 
tured  mammalian cells  (Lichter  et  al.,  1988),  consistent 
with a  largely stochastic mechanism for reassembling the 
interphase nucleus after mitosis. We observe a  rapid dis- 
persal  of  centromeres  during  telophase  and  early  G1, 
which appears as a nearly isometric expansion driven, pre- 
sumably, by chromosome decondensation.  The  resulting 
position of a particular centromere within the nucleus de- 
pends on its precise position at the end of anaphase and on 
patterns of chromosome decondensation  (Hiraoka et al., 
1989).  Nevertheless, centromere distribution in interphase 
may be correlated with functional states of the cell (Pluta 
et al., 1995) and the notion that chromosomes adopt func- 
tionally important spatial arrangements within the nucleus 
has been a  significant focus of modern cytogenetics (e.g., 
Haaf and Schmid, 1991; Cremer et al., 1993). Centromere 
distribution  changes  as  a  function  of differentiation,  the 
cell cycle and in response to transcriptional signals (Man- 
uelidis,  1984;  Bartholdi,  1991;  Ferguson and Ward,  1992; 
Funabiki et al., 1993; Janevski et al., 1995), suggesting that 
mechanisms operating during interphase  can move chro- 
mosomes or chromosome domains. Detection of a cell cy- 
cle-dependent association of human chromosome 15 ho- 
mologues  occurring  in  late  S-phase  demonstrates  that 
these mechanisms can act at the level of specific chromo- 
somes (Lalande and LaSalle, 1996). The slow movements 
of centromeres that we have observed in interphase could 
be a reflection of chromosomal transport mechanisms that 
Shelby et al. Centromere Dynamics  In Vivo  555 mediate  the dynamic functional arrangement of chromo- 
somes within the nucleus. 
Although  the  mechanisms  that  mediate  chromosome 
motility in interphase are not known, it has become clear 
that nuclei contain numerous mechanochemical activities, 
not least of which are the polymerases that transcribe and 
replicate DNA (Yin et al., 1995). A  new family of putative 
ATPases,  the SMC  proteins,  function in diverse  nuclear 
events including dosage compensation, chromosome con- 
densation,  and  centromere  function  (Strunnikov  et  al., 
1993; Hirano and Mitchison, 1994; Hirano et al., 1995). It 
has been suggested that these proteins comprise a class of 
chromosomal  motors  that serve  the mechanical  requhe- 
ments of the nucleus. It is not clear whether the motility of 
interphase centromeres we have observed arises from di- 
rected motility processes or indirectly through changes in 
chromosome structure or activity. However, the ability to 
observe  specific  DNA  sequence  domains in living nuclei 
provides a powerful assay tool that should prove useful for 
dissecting  the  molecular  mechanisms  underlying the  dy- 
namic spatial organization of the genome. 
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